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Abstract Spent radioactive sources are considered a type of radioactive waste which must
be stored properly. These sources are usually conditioned in concrete that functions as
shield and physical barrier to prevent the potential migration of radionuclides, and must
have suitable properties: mechanical, thermal or irradiation resistance. Concretes used in
the conditioning of spent radioactive source in Mexico were tested, preparing concrete
test specimens with Portland cement CPC 30RS EXTRA CEMEX and aggregates, and
subjected to compression strength, γ -ray-irradiation and thermal resistance assays and
subsequently analyzed by Mössbauer and Raman Spectroscopies as well as by Scanning
Electron Microscopy, in order to correlate the radiation and temperature effects on the com-
pressive strengths, the oxidation states of iron and the structural features of the concrete.
Iron was found in the concrete in Fe2+ and Fe3+ in the tetrahedral (T) and two octahedral
positions (O1, O2). Radiolysis of water causes the dehydratation (200-600 kGy) and rehy-
dratation (1000-10000 kGy) of calcium silicate hydrates (C-S-H) and ferric hydrate phases
in concretes and structural distortion around the iron sites in concretes. The compressive
strength of concretes are not significantly affected by γ -radiation or heat.
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1 Introduction

Sealed radioactive sources are extensively used in industry, medicine and agriculture. These
sources are permanently sealed in a capsule or bonded in a solid form in order to prevent
the spread of radioactive material. At the end of its useful life, these sources are considered
”spent” or ”disused”, however, the residual radioactivity levels of some sources may be high
representing a significant radiological hazard. Hence, spent sealed radioactive sources are
considered a type of radioactive waste that must be stored properly to ensure its integrity
and prevent or limit the release of radionuclides to the environment and to protect peo-
ple. The spent sealed radioactive sources can be conditioned in concrete which meets two
main functions: 1) shield radioactive source for its safe handling, transportation, storage
or disposal, and 2) serve as physical barrier to reduce the potential migration of radionu-
clides during its storage or disposal [1] Thus, these concretes must have specific desired
properties (mechanical, thermal or radiation resistance) that assure an adequate handling,
transportation, storage or disposal of these sources.

Around 8189 spent sealed radioactive sources (Am-241, Ir-192, Ra-226, Cs-137, Co-
60, Sr-90, Po-210, Th-230, etc.), generated in Mexico, have been immobilized in concrete.
The concretes used in the conditioning of these sources have not yet been standardized
and characterized, however they have to comply with the NOM-0019-NUCL-1995 stan-
dard [1, 2]. Therefore, concrete specimens prepared following the formulation used for the
conditioning of these sources (from Portland cement: CPC 30RS EXTRA CEMEX man-
ufactured in Mexico) were tested and subjected to compression strength, γ -ray irradiation
and thermal resistance assays, in order to correlate the radiation and temperature effects
on the compressive strengths, the oxidation states of iron and the structural features of the
concrete.

2 Methodology

2.1 Samples preparation

Concrete test specimens, cylinders of 4.5 cm diameter and 7.5 cm length, were prepared by
the following formulation: 24.6 % Portland cement CPC 30RS EXTRA CEMEX, 29.5 %
coarse aggregates (gravel), 24.6 % fine aggregates (sand) and 21.3 % water. After the 28
days curing time, concrete specimens and raw materials were subjected to compression
strength, γ -ray irradiation and thermal resistance assays.

2.2 Compression tests

The compression testing was performed on a MTS 810 Servo-hydraulic test machine,
following the ASTM C-39 standard procedure, 2.5 mm/min [3].

2.3 γ -ray irradiation

Concrete test specimens were γ -ray irradiated using doses of 100, 200, 400, 600, 1000 and
10000 kGy with a Co-60 source at the Gamma Irradiator JS-6500.
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2.4 Thermal treatments

For the thermal testing, concrete specimens were placed in a chamber with humidity and
temperature controlled conditions, and stabilized at 20 ◦C and 65 % humidity. Subse-
quently specimens were introduced in a thermal test chamber which was programmed to
perform the following thermal cycle, which was repeated five times: (a) starting at 20 ◦C,
the temperature was lowered to -20 ◦C at a cooling rate of 10 ◦C/h maintaining the tem-
perature at - 20 ◦C for 24 hours and subsequently (b) the temperature was raised to 40 ◦C
at a heating rate of 10 ◦C/h maintaining the temperature at 40 ◦C for 24 hours. When
the fifth cycle was completed, the temperature was raised lowered to 20 ◦C at a rate of
10 ◦C/h.

2.5 Characterization

Raw materials, untreated and treated concrete specimens were analyzed by Raman
Spectroscopy (RS) Scanning Electron Microscopy (SEM) and Mössbauer Spectroscopy
(MS).

RS was performed by using a high resolution micro-Raman system, Horiba Jovin Yvon
model LabRAM 800. A Nd:YAG laser beam (532 nm) was focused by a 50X microscope
objective on the sample surface. Raman spectra were acquired from 200 to 1800 cm−1 at a
spectral resolution of about 2 cm.−1 A cooled CCD camera was used to record the spectra,
varying the acquisition time from 5 to 20 s, usually averaged for 50 accumulations in order
to improve the signal to noise ratio. All spectra were calibrated using the 521 cm−1 line of
silicon and corrected by background subtraction. Multiple spot analyses on different areas
of the samples were performed to ensure representative results.

The morphology of concretes was observed from SEM micrographs obtained with a
JSM-0009 Scanning Electron Microscope. Digital images were obtained at 100X, 500X,
1000X, 2000X and 5000X magnifications in randomly selected areas.

Transmission Mössbauer spectra were recorded at 300 K by using a conventional con-
stant acceleration spectrometer (Wissel), which was equipped with a krypton proportional
detector. The γ -ray source was a 57Co source of 925 MBq (25 mCi) diffused within a
rhodium matrix. The isomer shift data are given relative to that of α-Fe. The transmission
spectra were numerically analyzed by using the NORMOS program.

3 Results

The γ -ray irradiation and thermal treatments applied to the concrete specimens mostly
cause a slight decrease of its compression strength (2-5%), except for the case of the con-
crete γ -ray irradiated at 1000 kGy which decreased around 13 % (See Table 1). Therefore,
the effect of both treatments on the mechanical properties of the concrete is minimal.
The compressive strengths of all concrete test specimens were between 30 and 50 times
higher than the required by the NOM- 0019-NUCL-1995, (>0.35 MPa) as shown in
Table 1.

3.1 Raman spectroscopy

Concrete is formed by combining Portland cement, water and aggregates (sand and gravel).
Cements consist of four main solid phases namely: Tricalcium Silicate Ca3SiO5 (C3S),
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Table 1 Compression strength of concrete test specimens

Sample Irradiation (kGy) Compression strength (MPa)

0 36.8 ±2.7

200 34.8 ±1.1

400 34.7 ±2.2

600 36 ±3.5

1000 32 ±4.2

10000 34 ±2.6

Thermal 34.8 ±1

NORME 0.35

Dicalcium Silicate Ca2SiO4 (C2S), Tricalcium aluminate Ca3Al2O6 (C3A) and Tetracalciu-
mAlumino Ferrite 4CaO•Al2O3•Fe2O3 (C4AF). During the formation of concrete, Calcium
Silicate Hydrate (C-S-H) gel (torbermorite) and calcium hydroxide (Ca(OH)2 (portlandite))
are formed from the silicates phases, whilst Calcium trisulfoaluminate hydrate: ettringite
3CaO· Al2O3· 3CaSO4· 32H2O(E) and monosulfoaluminate hydrate (S) or monosulfoferric
hydrate are formed from aluminate phases [4]. The physical and mechanical properties of
concretes depend on the proportions of these phases.

Raman spectra of the Portland cement, gravel, sand and the concrete test specimens sub-
jected to thermal treatment and γ -ray irradiation at different doses are presented in Fig. 1.
Raman spectrum of sand shows two peaks at 413-416 and 780-782 cm−1 typical for α-
crystobalite [5] peaks at 779, 513, 404 and 287 cm−1 attributed to low albite, and a weak
band at 1075 cm−1 due to calcium carbonate. Raman spectra of gravel are characterized by
vibrational bands at 520, 484, 416 and 294 cm−1 assigned to coesite, anorthite, cristobalite
and albite respectively [5, 6]. Portland cement presents the main vibration bands for calcium
carbonate phases: i) the symmetric stretching ν1 [CO3] 1080-1090 cm−1 and ii) the split
in-plane bending vibrations ν4 [CO3] 286 cm−1, the line at 521 cm−1 due to vibrational
modes of [AlO4]5− tetrahedral in C3A, and Raman shifts at 485, 722, 987 and 1354 cm−1

indicating the presence of C3A, C2S and C3S. The concrete shows prominent sharp peaks
at 1083 and 280 cm−1 due to calcium carbonate, and at 402, 478 and 509 attributed to
CSH and at 569 cm−1 due to C2S. In fact internal deformations of the silicate tetrahedra
of type ν2 and ν1 [SiO4] generate bands in the regions: 300-500 cm−1 and 400-600 cm−1

respectively [7, 8].
Raman spectra of concrete subjected to thermal cycling shows two intense bands of cal-

cium carbonate at 1086 and 278 cm−1, and also appears a very weak line at 987 cm−1

attributed to C2S, the characteristic bands of CSH (400-600 cm−1) practically disappear
[7, 8]. Carbonation in concrete is produced by the reaction of calcium hydroxide with the
carbon dioxide (CO2) present in the atmosphere in the presence of moisture. First, CO2
reacts with the moisture to form carbonic acid, which then reacts with Ca(OH)2 to form
calcium carbonate (CaCO3) [4].

Concrete specimens irradiated at 200, 1000 and 10000 kGy present similar Raman spec-
tra to the non γ -ray irradiated concrete, only bands intensities were modified. An obvious
modification of the concrete phase due to irradiation occurs in the concretes γ -ray irradiated
at 400 and 600 kGy. At 400 kGy, Raman spectra show only the main two bands for calcium
carbonate phases (1080 and 276 cm−1) and the band intensity at 1080 cm−1 is consider-
ably increased. At 600 kGy, calcium carbonate practically disappears, the band intensity
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Fig. 2 Morphology of un-treated, γ -ray irradiated and heat treated concretes
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Fig. 3 Mössbauer spectra of (a) cements and raw materials (gravel and sand), and (b) γ -ray irradiated
concretes

at 507 cm−1 decreased markedly and the broad band at 470 cm−1 splits into two peaks:
460 and 470 cm−1. In the concrete γ -ray irradiated at 200 kGy, the band at 1083 cm−1

(calcium carbonate) disappears and decreased in the concretes γ -ray irradiated at 1000 and
10000 kGy. The intensities ratio of bands 470/502 is: >1 at 600 kGy and <1 for the rest of
radiation doses, see Fig. 1b.

3.2 Scanning electron microscopy

Morphological changes of C-S-H (irregular or array of layers which are randomly arranged
to create interlayer spaces of different shapes and sizes) [4] and ettringite (needle-
shaped prismatic crystals) [4] are evident in irradiated concretes, in particular at 600 kGy
(See Fig. 2). In this case concrete becomes more porous by an apparent dehydration
of C-S-H and ettringite. However increasing the irradiation doses (>1000 kGy) C-S-H
and preferentially ettringite rehydrate, and portlandite (large crystals with a distinctive
hexagonal-prism morphology) [4] is again present in these concretes. In the case of heat
treated concrete, there is no significant transformation of its morphology, with a more
obvious presence of ettringite only.

3.3 Mössbauer spectroscopy

The Mössbauer spectra and parameters of the initial materials (sand, gravel, cement) and
treated concretes by irradiation and heat treated are presented on Fig. 3 and Table 2 respec-
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tively. The Mössbauer spectrum of cement was processed with a model of two doublets,
for the gravel and the sand with three doublets, and the treated and non-treated concretes
with four doublets. Mössbauer parameters show that the iron atoms in the cement is in
trivalent state (Fe3+), distributed in tetrahedral (T) and octahedral (O1, O2) coordination
symmetries [9–11]; the gravel and sand have iron in bivalent state (Fe2+) mainly, with
trivalent iron (Fe3+) in a low concentration, while in the concretes, the iron was found in
three forms: Fe2+ in the tetrahedral site (T) and Fe3+ in the tetrathedral and octahedral
sites.

According to Mössbauer parameters of the concretes (Table 2), the intensities I1(T),
I2(O1), I3(O2) and I4(Fe2+), the isomer shifts δ1(T), δ3(O2) and δ4(Fe2+), and the
quadrupole splitting �1(T), �3(O2) and �4(Fe2+) do not show significant changes as a
result of the thermal or γ -ray irradiation treatment of the concretes. However both treat-
ments cause a decrease of δ2(O1) and �2(O1); δ2(O1) values fall from 0.6 (untreated
concrete) to about 0.3 for the treated concrete while �2(O1) values decrease from 1.8
(untreated concrete) to around 1.4 for the irradiated concretes and to 1.2 for the heat treated.
On the other hand, I3(O2) >I2(O1) in the untreated and treated concretes, except for the irra-
diated concrete at 200 kGy, in this case I2(O1) >I3(O2). The ratio I3(2)/I2(O1) in untreated
concrete is 3.6, this ratio changes with the γ -ray irradiation and the heat treatments between
1.15 and 2, respectively.

Regarding the Mössbauer parameters of raw materials (RM), it can be noted that the
values of the intensities I4(Fe2+) and I3(O2) of the raw materials decrease from 79 % and
94 % to 50 % and 10 % respectively in the concretes, while I1(T) value increases from
5 % in the RM to 35 % for the concretes. Considering the formulation of the concretes the
intensities I4(Fe2+) and I1(T) of the raw materials are preserved in the concretes, not so in
the case of I3(O2). The quadrupole splitting values �1(T), �2(O1), �3(O2) and �4(Fe2+)

and the isomer shifts values δ1(T), δ3(O2) and δ4(Fe2+) of the RM and the concretes are

Table 2 Mössbauer parameters of the initial and concretes materials (δ-Isomer Shift, �-Quadrupole
Splitting, I-Area %)

Sample δ1 δ2 δ3 δ4 �1 �2 �3 �4 I1 I2 I3 I4

(mm/s) (mm/s) (mm/s) (mm/s) (mm/s) (mm/s) (mm/s) (mm/s) % % % %

Sand 0.46 0.68 1.15 0.58 1.56 2.1 16.8 8.2 74.9

gravel 0.42 0.77 1.15 0.64 1.4 2.10 10.3 11.1 78.6

Cement 0.32 0.29 0.58 1.7 5.7 94.3

Concrete 0.46 0.66 0.41 1.13 0.56 1.81 1.7 2.12 35.4 2.4 8.6 53.6

Concrete 0.34 0.38 0.33 1.16 0.66 1.49 1.98 2.05 38.2 7.6 5.9 48.3

200 kGy

Concrete 0.37 0.42 0.37 1.16 0.57 1.35 1.94 2.08 36.1 5.7 11.2 47.0

400 kGy

Concrete 0.39 0.29 0.37 1.15 0.59 1.38 1.90 2.08 35.7 4.0 8.2 52.1

600 kGy

Concrete 0.40 0.31 0.41 1.15 0.6 1.56 1.99 2.11 33.9 6.7 8.5 50.9

1000kGy

Concrete 0.45 0.31 0.43 1.16 0.7 0.56 1.92 2.08 29.1 8.0 13.2 49.7

10000 kGy

Thermal 0.33 0.2 0.33 1.16 0.55 1.24 2.23 2.08 36.2 6.9 7.9 49
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similar. In particular the δ2(O1) values of the RM and the untreated concrete are also similar,
but they decrease in the treated concretes.

From the previous analysis, it can be inferred from relative intensities mainly that the
distribution of trivalent iron in octahedral positions O1(I2) and O2 (I3) changes with the
irradiation doses applied to concrete and with the heat treatment, and the recoil-free frac-
tions of Fe2+ and Fe3+ do not change as a result of the transformation of the raw materials
into concretes, however, part of Fe3+ (I3) from cement, converts into Fe3+ (I1) in concretes.

4 Discussion

One of the effects of γ -ray irradiation on materials is their thermal heating due to γ -ray
absorption. If these materials contain water, the irradiation with γ -rays leads simultaneously
to ionization of water and subsequent formation of H+ ions and OH• free radicals. High
γ -ray doses causes the migration of most of the produced free radicals from the region of
high free radicals concentration and react with the other hydrogen and molecular products
to give H2O and H2 creating vacancies. This results in a distribution of defect environments
of the host atoms residing in their original valence configurations which can also cause
structural changes in the concrete and variations in their mechanical properties as the com-
pressive strength. However the effects of gamma radiation on the mechanical properties of
concrete depends on the type of cements, aggregates, mix proportions and radiation dose
[12, 13].

Water exists in concretes mainly associated with C-S-H, in the following states: 1)
water of constitution: interlayer hydrate water and chemically bound water, i. e., non-
evaporable water, 2) Water gel includes adsorbed water and water bound by physical
surfaces forces (lattice water) and 3) free water stay inside the capillary pores, not bound
by surface forces [4]. The removal of free water does not cause any volume change, while
the elimination of the water gel, associated with the interlayer space within the C-S-H
structure, may cause shrinkage and creep of the system and it is lost by heating. Thus,
evaporable water (free water and some adsorbed water) from a concrete can be removed
at 100 °C, producing stresses, micro structural changes and irreversible decomposition of
the concrete while non-evaporable water is lost when the concrete is heated (ignited) up to
1000 ◦C [4].

It has been reported that (1) γ -ray doses higher than 3000 kGy can raise the concrete
temperature, leading to water liberation and radiolysis of hydration water and (2) the forma-
tion of high concentrations H+ ions and OH• free radicals at doses higher than 7000 kGy.
At one of the stages of the radiolysis in concretes, the reduction of Fe3+(O) to Fe2+(O)
may occur, considering that Fe3+(O) and Fe2+(O) ions are located in octahedral sites in the
ferritic phase [(CaO)4(Al2O3)(Fe2O3)] [12]. However, in accordance with our results, the
effect of the γ -ray irradiation process on concrete caused its dehydratation at γ -ray doses
less than 600 kGy, and its rehydration at γ -ray doses higher than 1000 kGy, due to a phase
change of hydrates. Thus γ -ray irradiation first produces a severe drying in concrete at doses
between 200 and 600 kGy, because water is released and decomposed by radiolysis to gen-
erate hydrogen and hydrogen peroxide which in turn decomposes into water and oxygen at
high γ -ray doses (>1000 kGy). This dehydration/rehydration process was well established
by infrared measurements not shown here [14]. On the other hand, present results do not
show a reduction of Fe3+(O) to Fe2+(O) in our concrete, even at high γ -ray doses (10000
kGy), but only a change in the arrangement of Fe3+ within octahedral sites. It is possible to
presume that the γ -ray heating effect may also cause a dehydration and rehydration of the
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ferric hydrate phases (calcium ferrite gel or calcium sulphoferrite) present in concretes, as
in the case of calcium silicate hydrate (C-S-H).

The dehydration/rehydration processes caused by the γ -ray irradiation in the concrete
can produce variations in the mechanical properties depending on at the radiation dose.
However, mechanical strength changes of the concrete are not produced at γ -ray doses
studied in this work.

5 Conclusions

There was not a significant change in the strength properties of the prepared concrete due
to the γ -ray irradiation process, neither as a result of the heat treatment. An average com-
pression strength of 34.7 MPa was obtained for the untreated, γ -ray irradiated and thermal
treated concretes.

Significant changes in the morphology and structure of the concrete γ -ray irradiated at
600 kGy are associated with modifications in the CSH phase.

Morphological changes of calcium silicate hydrates (C-S-H) and ettringite were
observed by SEM images as a result of their dehydratation process from 200 to 600
kGy and rehydratation process from 1000 to 10000 kGy, caused by the radiolysis of
water.

On the other hand, iron was found as TetracalciumAlumino Ferrite 4CaO•Al2O3•Fe2O3
(C4AF) in the Portland cement and a mineral of Fe2+ in the sand and gravel with a low
content of Fe3+. The latter iron species do not change while preparing the concretes or
treating them either with γ -ray of heat. The major changes were observed in the fer-
ric phase associated with the C4AF compound that is present in the original cement,
where variations of the Mössbauer hyperfine parameters of the O1 and O2 sites were
detected. These changes could be associated with a dehydration and rehydration process of
concretes.
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